BRCA1 plays a critical role in the regulation of homologous recombination (HR)-mediated DNA double-strand break repair. BRCA1-deficient cancers have evolved to tolerate loss of BRCA1 function. This renders them vulnerable to agents, such as PARP inhibitors, that are conditionally 'synthetic lethal' with their underlying repair defect. Recent studies demonstrate that BRCA1-deficient cells may acquire resistance to these agents by partially correcting their defect in HR-mediated repair, either through reversion mutations in BRCA1 or through 'synthetic viable' loss of 53BP1. These findings and their clinical implications will be reviewed in this article.
Introduction
BRCA1 is a critical component of the homologous recombination (HR)-mediated DNA repair pathway. Tumors that arise in BRCA1-mutation carriers show evidence of genomic instability and impaired DNA repair. The repair defect present in BRCA1-mutant cancers has been used to develop 'synthetic lethal' treatment strategies that have been clinically validated. Recent data suggest that BRCA1-mutant cells can evade 'synthetic lethal' treatment approaches and restore DNA repair capacity by several surprising mechanisms. In this article, the data behind synthetic lethal approaches to treatment of BRCA1-mutant cancers, and mechanisms of escape and 'synthetic viability' will be reviewed.
The BRCA1 tumor syndrome
Women carrying a germline mutation in BRCA1 have a 50-80% lifetime risk of developing breast cancer and a 20-40% lifetime risk of developing ovarian cancer (King et al., 2003) . The tumors that arise in these women have undergone loss of the wt BRCA1 allele, demonstrating that BRCA1 functions as a tumor suppressor (Neuhausen and Marshall, 1994) . The breast cancers that arise tend to be of early onset, high grade, invasive ductal cancers that do not express the estrogen receptor or progesterone receptor, do not have amplification of HER2 (a 'triplenegative' phenotype) and cluster with the 'basal-like' subclass of breast cancers by gene expression profiling (Sorlie et al., 2003; Turner and Reis-Filho, 2006; Shakya et al., 2008) . These tumors have high frequency of mutations in p53 and PTEN, and display a high level of genomic changes (Saal et al., 2008; Holstege et al., 2009; Manie et al., 2009 ).
BRCA1 and DNA repair
BRCA1 is a large protein that is expressed during the S and G2 phases of the cell cycle and mostly localized in discrete nuclear foci (Scully et al., 1996; 1997b) . Upon DNA damage, BRCA1 is rapidly phosphorylated and redistributes to sites of DNA breaks, where it co-localizes with RAD51 and other proteins involved in DNA double-strand break (DSB) repair (DSBR) (Scully et al., 1997a) . Cells lacking wt BRCA1 have a profound defect in DNA DSBR that can be partially complemented by re-introducing wt but not mutant BRCA1 (Scully et al., 1999) . BRCA1-mutant cells also have a defect in DNA-damage induced S-phase and G2/M checkpoint function. The role of BRCA1 in DNA repair was further clarified when it was demonstrated that BRCA1 is specifically required for efficient HR-mediated DSBR (Moynahan et al., 1999; Snouwaert et al., 1999; Moynahan et al., 2001; Westermark et al., 2003) . BRCA1 may also participate in other repair processes, including transcription-coupled repair, non-homologous end joining (NHEJ), and nucleotide-excision repair (Abbott et al., 1999; Hartman and Ford, 2002; Zhong et al., 2002; Bau et al., 2006) . However, it is clear that BRCA1 function is critical for HR-mediated DSBR, and this pathway will the focus of this review.
The functional role of BRCA1 in DNA DSBR mouse experiments have unexpectedly found that the ubiquitin ligase function of BRCA1 may be dispensable for its role in DNA repair (Reid et al., 2008) . ES cells were generated that were homozygous for a BRCA1 mutation that rendered it inactive as an E3 ligase in vitro but retained its ability to form a stable heterodimer with BARD1. These E3-ligase dead BRCA1-mutant ES cells were found to be viable, did not accumulate spontaneous karyotypic abnormalities, and showed no measurable defect in homologymediated repair of DNA breaks (Reid et al., 2008) . The function role of the E3 ligase activity of the BRCA1-BARD complex remains uncertain at present.
BRCA1 interacts with multiple proteins involved in DNA repair and tumorigenesis, including, PALB2, BRIP1/BACH1, CtIP, TOPBP1, Abraxas, and RAP80 and is present in multiple distinct complexes (Wong et al., 1998; Yu et al., 1998; Cantor et al., 2001; Greenberg et al., 2006; Xia et al., 2006; Kim et al., 2007; Sobhian et al., 2007; Wang et al., 2007; Zhang et al., 2009b) . Thus, BRCA1 may function partly as a scaffold protein coordinating the assembly of protein complexes involved in mediating HR-mediated DSBR and checkpoint function (Greenberg et al., 2006) . Mutations that affect the BRCT domains of BRCA1 lead to increased cancer risk in humans, and when homozygous cause embryonic lethality in the mouse (Hohenstein et al., 2001; Williams et al., 2001) . Thus, the BRCT domains of BRCA1 likely mediate critical interactions required for assembly of protein complexes required for proper DNA repair function and tumor suppression. This includes interaction of BRCA1 BRCT domains with: (i) BACH1/BRIP1 and TOBP1 (Cantor et al., 2001; Greenberg et al., 2006) ; (ii) Abraxas and RAP80 (Kim et al., 2007; Liu et al., 2007b; Wang et al., 2007) ; and (iii) CtIP and the MRE11/NBS/RAD50 complex (Wong et al., 1998; Sartori et al., 2007; Chen et al., 2008) .
The interaction of BRCA1 with CtIP maybe especially critical for the regulation of processing of DNA ends at DSBs to promote HR (Sartori et al., 2007; Chen et al., 2008) . BRCA1 also interacts with PALB2 linking it functionally to BRCA2 and its role in RAD51 loading during HR (Xia et al., 2006; Sy et al., 2009; Zhang et al., 2009a,b) . However, much about the actual functional role of BRCA1 in the DNA repair process, and the regulation of its interaction with multiple DNA repair proteins remains unclear.
Targeting the role of BRCA1 in DNA repair in cancer therapy: interstrand cross-linking agents Several studies have demonstrated that BRCA1-deficient cells are highly sensitive to interstrand cross-linking (ICL) agents such as cisplatin and mitomycin C (Moynahan et al., 2001; Tassone et al., 2003; . The interstrand DNA crosslinks induced by these agents disrupt replication forks during S-phase and require efficient HR-mediated DSBR for viable S-phase progression and cell survival. Cell with defects in HR-mediated DSBR, including cells with mutations in BRCA1, BRCA2, or the Fanconi Anemia genes, are exquisitely sensitive to ICLs. This observation suggested that ICL might be utilized as targeted therapy for BRCA1-mutant breast and ovarian cancers. Breast cancers that arose in mice engineered to have tissue-specific knockout of Brca1 and p53 are exquisitely sensitive to treatment with platinum compounds (Rottenberg et al., 2007) . Moreover, these BRCA1 2/2 tumors did not develop resistance to despite repeated treatments and late recurrences remained platinum sensitive (Rottenberg et al., 2007) . Clinical trials have validated the efficacy of ICL agents in the treatment of BRCA1-associated breast and ovarian cancers. Cisplatin has been shown to have a high rate of clinical -pathological complete responses when used as neoadjuvant treatment of breast cancer arising in BRCA1-mutation carriers (Byrski et al., 2009; . Sporadic triple-negative breast cancers also had a significant rate of complete response to platinum therapy, suggesting that a subset of these cancers may be 'BRCA1-like' and have a similar defect in HR-mediated repair (Silver et al., 2010) . This has led to a great interest in defining the role of ICL compounds in the standard treatment of both BRCA1-associated cancers and sporadic triple-negative breast cancers.
Poly(ADP-ribose)polymerase and HR-mediated DNA repair pathways: conditional synthetic lethality A major breakthrough in targeted treatment of BRCA1-mutant cancers was heralded by the finding that BRCA1 and BRCA2-mutant cells are exquisitely sensitive to poly(ADP-ribose)polymerase (PARP) inhibitors (Farmer et al., 2005; Helleday et al., 2005) . PARP activity plays a critical role in mediating some of the chromatin changes required for efficient DNA repair. PARP1 (and the closely related PARP2) is rapidly activated at sites of DNA breaks, where it catalyzes the formation of poly(ADP-ribose) (PAR) polymers both on itself (autoPARylation) and local substrates (Satoh and Lindahl, 1992; Ame et al., 1999; Allinson et al., 2003; Woodhouse and Dianov, 2008) . DNA damage associated PARylation, either directly or through the recruitment of proteins such as APLF and the chromatin remodeling enzyme ALC1, induces changes in local chromatin structure that lead to chromatin relaxation and recruitment of other DNA repair proteins (Tulin and Spradling, 2003; Ahel et al., 2008; Rulten et al., 2008; Gottschalk et al., 2009) .
The role of PARP1 is best characterized in single-strand break (SSB) repair. PARP1 and PARP2 activity are critical for the efficient processing of DNA SSBs, and recruitment of XRCC1 (Masson et al., 1998; Sanderson and Lindahl, 2002; El-Khamisy et al., 2003; Woodhouse and Dianov, 2008 ; Figure 1 ). In the setting of PARP inhibition, unrepaired SSBs accumulate and can cause replication fork collapse and DNA DSB equivalents upon entry into S-phase (Oikawa et al., 1980; Wang et al., 1997; Simbulan-Rosenthal et al., 1999) . These lesions must be repaired, and replication forks restarted using HR-mediated DSBR pathways, or the cell will accumulate lethal levels of DNA breaks. An increased level of HR-mediated DSBR during S-phase can allow cells to tolerate loss of PARP1 activity. Consistent with this model, PARP1-deficient mice are viable and have a relatively mild phenotype. However, both PARP1 2/2 cells and normal cell treated with exchange and increased HR-mediated repair of DNA DSBs during S-phase (Oikawa et al., 1980; Wang et al., 1997; Simbulan-Rosenthal et al., 1999) . The standard model to explain the sensitivity of BRCA1 2/2 cells to PARP inhibitors invokes the effect on PARP inhibitors on SSB repair and subsequent generation of large amounts of stalled replication forks and DSB equivalents which are lethal to HR-defective cells (Helleday et al., 2005; Ashworth, 2008b ; Figure 1 ). Although there has been much focus on the role of PARP1/2 in SSB repair, PARP also has other important roles that may contribute to the sensitivity of BRCA1
2/2 cells to PARP inhibitors. PARP1/2 binds to and is activated by stalled replication forks during S-phase and PARP1/2 activity is required for the efficient HR-mediated restart of stalled replication forks (Yang et al., 2004; Sugimura et al., 2008) . Depletion of PARP1 or PARP2 results in reduced recruitment of MRE11, RPA, and RAD51 to hydroxyureainduced collapsed replication forks, and reduces hydroxyureainduced recombination and fork restart (Yang et al., 2004) . These data support a model in which PARP1/2 activity is required for efficient recruitment of MRE11-dependent end resection activity to stalled replication forks. Of note, PARP1 2/2 cells and PARP inhibitor treated cells do not have drastic defects in HR-mediated repair of DNA DSBs induced by restriction enzymes and PARP1 2/2 ES cells do not have a dramatic defect in gene targeting (Schultz et al., 2003; Yang et al., 2004) . These data together imply that PARP1/2 may have a specific role in HR-mediated replication fork restart, but not an essential role in HR-mediated DSBR in general. BRCA1 is also recruited to stalled replication forks during S-phase, and interacts with CtIP and the MRE11/Rad50/NBS complex to regulate end resection activity (Scully et al., 1997a; Yu et al., 1998; Sartori et al., 2007; Chen et al., 2008) . These data taken together suggest there may be a functional interaction between BRCA1 and PARP1/2 in regulating DNA end-processing activity at stalled replication forks. BRCA1 has a broader role that PARP1/2 in HR-mediated repair of DNA DSBs, as loss of BRCA1 has a much greater effect on multiple assays of HR. However, in the absence of BRCA1, there may be greater reliance on PARP-mediated pathways regulating restart of stalled replication forks. Thus, PARP inhibitors may deal a double blow to BRCA1-deficient cells, by both increasing the number of stalled replication forks, and by inhibiting PARP-dependent recruitment of end-resection activity to these lesions (Figure 1) . PARP activity has been reported to be increased in HR-defective cells; however, this activity was not localized to stalled replication forks, suggesting that compensatory PARP activity may be directed to yet another function in HR-defective cells (Gottipati et al., 2010) . PARP has broad roles in transcriptional regulation, chromatin dynamics, epigenetic regulation, and metabolism. It is possible that these other functions of PARP may contribute to PARP inhibitor sensitivity of BRCA1 2/2 cells.
The landmark pre-clinical studies with PARP inhibitors cited above have led to the rapid clinical development of these agents as targeted therapy for BRCA1 and BRCA2-mutant cancers. Early phase clinical trials showed impressive single agent activity for PARP inhibitors in heavily pre-treated BRCA1 and BRCA2-associated cancers (Fong et al., 2009) . Recent Phase II studies testing the activity of single agent olaparib in heavily pre-treated breast cancers arising in BRCA1 or BRCA2 mutation carriers demonstrated an overall response rate of 41% in patients, with a very tolerable side effect profile (Tutt et al., 2010) . A similar study in BRCA1/2-mutant women with advanced ovarian cancer demonstrated an overall response rate of 33% (Audeh et al., 2010) . These studies demonstrate that PARP inhibitors will play a significant role in the future treatment of cancers arising in BRCA1-mutation carriers. There is also much interest in developing these agents for the treatment of sporadic cancers, such as 'triple-negative' breast cancers, that may have defects in HR-mediated DSBR. 
Development of resistance to PARP inhibitors
Although there is a high response rate of BRCA1-mutant cancers to treatment with PARP inhibitors, a substantial fraction of advanced BRCA1-mutant cancers are resistant to these agents (Fong et al., 2009; Tutt et al., 2010) . Tumors that are initially sensitive to PARP inhibitor treatment also ultimately progress despite treatment with PARP inhibitors. These data demonstrate that de novo and acquired resistance to PARP will be a significant clinical problem. Experiment in cell culture and mouse models of BRCA1-associated cancers have led to new insight into several mechanisms of acquired resistance to PARP inhibitors. In both cell culture and mouse models, increased expression of a p-glycoprotein efflux transporter mediating multiple drug resistance (MDR) can lead to acquired resistance to the PARP inhibitor olaparib (Rottenberg et al., 2008) . Olaparib is a substrate for multiple MDR efflux transporters, and MDR inhibitors can reverse this mechanism of resistance in mouse models of BRCA1 2/2 breast cancer. As MDR up-regulation is a common mechanism of acquired resistance to many chemotherapeutic agents, it is likely to play a part in the development of clinical resistance to olaparib. Development of PARP inhibitors that are not substrates for MDR-mediating efflux pumps may decrease this potential mechanism of resistance. 6-Thioguanine has also been reported to be effective in killing PARP-resistant BRCA1 2/2 tumor cells that have p-glycoprotein mediated resistance to olaparib (Issaeva et al., 2010) .
Resistance to PARP inhibitors: reversion mutations of BRCA1/2
Several elegant studies have demonstrated that BRCA1 and BRCA2-mutant cells can develop resistance to PARP inhibitors by acquiring secondary mutations in BRCA1 or BRCA2 that result in restoration of a partially functional gene (Ashworth, 2008a; Sakai et al., 2008; Swisher et al., 2008; Wang and Figg, 2008) . Many germline BRCA1 and BRCA2 mutations are frameshift mutations resulting in a truncated transcript that is degraded by non-sense mediated decay. Excision of genomic region containing the mutation can lead to an in-frame deletion of one or more exons, and restoration of an open reading frame with production of a hypomorphic BRCA1 or BRCA2 protein. These novel hypomorphic BRCA1 or BRCA2 alleles are sufficient to drive resistance to PARP inhibitors and platinum compounds. These data suggest that BRCA1 and BRCA2 reversion mutations can partially restore HR-mediated repair function in these cells. As reversion mutations can lead to resistance to both PARP inhibitors and platinum, this suggests potential for cross-resistance to these agents. Poor response to prior platinum therapy is associated with poor response in BRCA1/2 mutation carriers treated with PARP inhibitors in recent clinical trials, supporting this concept of cross resistance (Fong et al., 2010) . The development of reversion mutations of BRCA1 is a vivid demonstration that while loss of BRCA1 function likely facilitates tumorigenesis, this defect is not required to maintain the malignant phenotype of an established tumor. Thus, restoration of BRCA1 function by reversion mutations is well-tolerated in tumors that develop in BRCA1-mutation carriers. These observations imply that methods to restore BRCA1 function in BRCA1-mutant tumors are unlikely to succeed as therapeutic strategies.
53BP1 and BRCA1: synthetic viability
Although BRCA1 functions as a tumor suppressor, mice homozygous for null BRCA1 mutations show early embryonic lethality (Hakem et al., 1996; Liu et al., 1996; Ludwig et al., 2001) . ES-cells containing homozygous null mutations of BRCA1 are not viable, although some hypomorphic alleles, such as the BRCA1 D11 mutation, result in viable ES cells (Gowen et al., 1996; Ludwig et al., 1997) . Thus, loss of BRCA1 leads to significant defects in genomic stability that normally inhibit proliferation. Cells must acquire additional checkpoint or and other mutations to allow proliferation and tumorigenesis in the setting of BRCA1 loss. Almost all BRCA1-mutation associated cancers have acquired p53 mutations. However, p53 mutation alone is not enough to overcome the growth defect associated with BRCA1 loss. Loss of p53 only delays embryonic lethality in full null BRCA1-mutant mice by a few days (Hakem et al., 1997; Ludwig et al., 1997) . Similarly, there is long latency of tumor development in mouse models with tissue-specific conditional BRCA1 mutations even when combined with p53 deletion (Cressman et al., 1999b; Xu et al., 2001; Liu et al., 2007a; Shakya et al., 2008) . These observations have led to great interest in identifying mutations that can allow cells to tolerate Brca1 loss. In screens aimed at identifying what additional mutations will allow cells to overcome the proliferation defect associated with loss of wt BRCA1, we and others have found that loss of 53BP1 is able to reverse many aspects of the phenotype associated with BRCA1 loss (Cao et al., 2009; Bouwman et al., 2010; Bunting et al., 2010) . This result was striking and may lead to new insight into the role of BRCA1 and 53BP1 in regulating DNA repair.
53BP1 is the human ortholog of yeast DNA damage checkpoint proteins Rad9p/Crb2, with a key role in DNA repair response and checkpoint control. 53BP1 is a nuclear protein that contains Tudor domains and paired BRCT repeats, and is found in all mammalian cells. Upon the induction of DNA DSBs, 53BP1 rapidly redistributes from a diffuse nuclear localization to discrete foci that co-localize with phosphorylated histone H2AX and other repair proteins including BRCA1 (Schultz et al., 2000; Wang et al., 2002; Ward et al., 2003) . This localization is dependent upon interaction of the Tudor domains with methylated histone residues (Huyen et al., 2004; Sanders et al., 2004) . Mice lacking 53BP1 are viable and fertile, but are small, and very sensitive to ionizing radiation. Cells lacking 53BP1 are sensitive to DNA damaging agents and have defects in both S-phase and G2M checkpoints (most noticeable after low but not high doses of ionizing radiation) (Fernandez-Capetillo et al., 2002; Mochan et al., 2003) . 53BP1 function is also required for class-switch recombination and has been implicated in NHEJ in a non-classical V(D)J recombination pathway (Ward et al., 2004; Xie et al., 2007; Difilippantonio et al., 2008) . Overexpression of a dominantnegative 53BP1 construct suppressed NHEJ and increased frequency of HR-mediated repair, suggesting 53BP1 is involved in regulating the choice between NHEJ and HR-mediated repair of DNA DSBs (Xie et al., 2007) .
New insight into the functional interaction between 53BP1 and BRCA1 was found by Cao et al. They investigated how mutations in other DNA repair and checkpoint proteins would affect the proliferative defect seen in cells homozygous for the Brca1 2D11 mutation (Cao et al., 2009) . The Brca1 2D11 mutation has an in-frame deletion of exon 11 that results in production of a hypomorphic protein resulting from in-frame splicing from exon 10 to exon 12. This BRCA1 D11 variant has an intact RING domain, tandem BRCT-repeats and localizes to the nucleus, but is associated with a defect in HR-mediated repair (Huber et al., 2001) . Unlike homozygous null-BRCA1 mutants, which show early embryonic lethality that is only modestly delayed by being placed in a p53 2/2 background, homozygous Brca1
mutants show mid-gestational embryonic lethality that can be reversed in certain strain backgrounds or by breeding to a p53 +/2 genotype (Cressman et al., 1999a; Xu et al., 2001 ).
However, BRCA1 D11/D11 ; p53 +/2 MEFs showed early senescence in culture and BRCA1 D11/D11 ;p53 +/2 animals demonstrate rapid aging and are tumor prone (Cao et al., 2003) . Cao et al. found that placing BRCA1 D11/D11 mice in a 53BP1 2/2 background rescued the mid-gestational embryonic lethality and reversed the early senescence phenotype of BRCA1 D11/D11 MEFs (Cao et al., 2009) . Moreover, BRCA1 D11/D11 ;53BP1 2/2 mice were viable, showed normal aging and did not have an increased tumor phenotype. Thus, loss of 53BP1 could reverse much of the phenotype associated found in Brca1 D11/D11 mice and cells.
Further insight into this remarkable observation was put forth by Bunting et al. (2010) and Bouwman et al. (2010) . Bunting et al. found that loss of 53BP1 could reverse the defect in HR-mediated DSBR found in BRCA1 D11/D11 cells. Loss of 53BP1 also alleviates the level of spontaneous chromosomal abnormalities, and checkpoint mediated arrest that is seen in BRCA1
cells. Moreover loss of 53BP1 also reverses the sensitivity of BRCA1 D11/D11 cells to PARP inhibitors and restored RAD51 focus formation. This effect of 53BP1 was specific to BRCA1 as loss of 53BP1 could not alleviate the phenotype associated with XRCC1 loss (Bunting et al., 2010) . Bouwman et al. (2010) worked with a conditional null-allele of Brca1 that is not viable in ES cells. A piggyBac retrotransposonbased insertional mutagenesis screen (Ding et al., 2005) was used to search for insertion events that would allow ES cells to tolerate a null allele of BRCA1. Loss of 53BP1 was found to allow ES cells to survive after acute deletion of BRCA1. This demonstrated that loss of 53BP1 could rescue ES cells with a nullmutation of BRCA1, extending the prior findings with the BRCA1 D11 mutation. Loss of 53BP1 also alleviated the spontaneous DNA damage, chromosomal abnormalities, and G2/M checkpoint activation associated with loss of BRCA1 in this model. Loss of 53BP1, but not p53, reversed the sensitivity of BRCA1 2/2 cells to cisplatin and mitomycin C. Moreover loss of 53BP1 restored RAD51 foci formation after ionizing radiation in BRCA1 2/2 cells, and partly restored HR function in BRCA1
2/2 as measured by gene targeting. These studies show that loss of 53BP1 is 'synthetically viable' with BRCA1 loss in ES cells. Loss of 53BP1 function can rescue the severe proliferation defect of BRCA1-mutant cells and restore functional capacity to perform HR mediated DNA repair. Insight into the mechanism behind this observation was further elucidated by Bunting et al. (2010) . End resection of DNA breaks is a critical step in allow HR-mediated repair and is in part mediated by CtIP and the MRE11 complex. Loss of BRCA1 is associated with failure of end-resection at DNA doubles-strand breaks, thus leading to impaired HR-mediated repair, and promotion of NHEJ mediated repair of DNA DSBs. Bunting et al. (2010) found that loss of 53BP1 restores end-resection in Brca1 D11/D11 cells, and that this rescue was dependent on both CtIP and ATM. These observations can lead to a model ( Figure 2 ) in which during G0/G1, where BRCA1 is not normally present, 53BP1 inhibits the end-resection function of CtIP. During S phase, BRCA1, by an as yet unknown mechanism, inhibits this function of 53BP1 at DNA breaks, allowing activation of CtIP mediated end-resection and promoting HR-mediated repair. Loss of BRCA1 leads to unregulated 53BP1-mediated inhibition of CtIP function at breaks, leading to failure of HR-mediated repair and promotion of NHEJ during S-phase. If 53BP1 is also lost, CtIP is now released from inhibition and end-resection and the capacity to perform HR-mediated repair is restored (Figure 3) . This model does leave many unanswered questions. For example, BRCA1 interacts with PALB2 and is required for efficient recruitment of BRCA2 to DNA breaks (Zhang et al., 2009a,b) . Whether and how 53BP1 restores PALB2 and BRCA2 recruitment and function in BRCA1 2/2 cells remain unclear. How loss of 53BP1 affects the function of the different distinct BRCA1 associated complexes that are assembled during S-phase (Greenberg et al., 2006) and whether this contributes to the 'synthetic viable' phenotype is also uncertain.
This model highlights the role of BRCA1 and 53BP1 in the functional competition between the NHEJ and HR pathways in mediating the repair of DNA DSBs (Kass and Jasin, 2010; Figure 2 ). BRCA1 and 53BP1 may be a 'master regulator' of the repair choice that occurs at DNA breaks (Figure 3) . When 53BP1 is absent, end processing is not inhibited and DNA DSBs are preferentially repaired by HR-mediated repair. When BRCA1 is absent, DSBs do not undergo end processing, resulting in suppression of HR and preferential repair by NHEJ. When both BRCA1 and 53BP1 are absent, end-resection at DNA DSBs and subsequent HR-mediated repair can once again take place.
Thus, BRCA1 is not required for the actual mechanics of HR-mediated repair, but plays a crucial role, together with 53BP1, in mediating repair choice. At present it is unclear what repair factors are regulating end resection and choice of repair pathways in the absence of both 53BP1 and BRCA1. ATM is activated by PARP inhibition, and BRCA1
D11/D11
;53BP1 2/2 cells are very sensitive to ATM inhibitors, suggesting that ATM may play a crucial role in mediating repair in this setting (Bryant and Helleday, 2006; Bunting et al., 2010) . Bouwman et al. (2010) found that a subset of BRCA1-associated human breast cancers have lost 53BP1 protein expression. This loss of 53BP1 in BRCA1-associated cancers may result in resistance to PARP inhibitors and platinum agents. Similarly, a subset of sporadic basal-like breast cancers, which are postulated to be 'BRCA1-like', also show loss of 53BP1 expression (Bouwman et al., 2010) . Thus, loss of 53BP1 may functionally affect the repair capacity of both BRCA1 mutant, and 'BRCA1-like' human breast cancers (Turner et al., 2007) . As PARP inhibitors and platinum agents will likely play a significant role for in treatment of BRCA1-mutant cancers and 'BRCA1-like' cancers, understanding of the mechanisms of resistance to these agents is very important. It is quite possible that abnormalities in 53BP1 may contribute to both de novo and acquired resistance to of these tumors to PARP inhibitors and platinum.
Summary

BRCA1
2/2 cancers have acquired a state where they can proliferate in the setting of a profound defect in HR-mediated DNA repair and associated genomic instability. BRCA1-mutant cells are now critically dependent on other parts of the repair pathway to avoid repair catastrophe during replication. This renders them vulnerable to agents that target these pathways to induce 'conditional synthetic lethality' (Figure 4) . The PARP inhibitors are a highly powerful and clinically validated example of this approach. Other potential 'synthetic lethal' pathways may also exist. It has been reported that BRCA1-mutant cells are also specifically sensitive to EZH2 inhibitors (Puppe et al., 2009) . As polycomb group proteins have been recently identified as being involved in DNA repair pathways (Chou et al., 2010; Ismail et al., 2010) , this may be another example of repair-associated synthetic lethality in BRCA1 2/2 cells.
BRCA1-mutant cells can escape synthetic lethality by several mechanisms (Figure 4) . The genomic instability associated with BRCA1 loss may enable the development of reversion mutations in BRCA1 that restore wildtype function and allow escape from synthetic lethal therapies. Alternatively, compensating mutations in other genes that regulate repair choice, such as 53BP1, may allow functional restoration of HR-mediated repair pathways and result in 'synthetic viability'. Identification of other genes and pathways that collaborate with BRCA1 to produce either synthetic lethality or synthetic viability may lead to better insight into the role of BRCA1 in the repair process, and provide opportunities for novel therapeutic interventions. 2/2 cells.
